The study investigated the quality and bioaccumulation of selected heavy metals in sorghum grown in biochar-treated landfill soils. Composite soil samples were collected from the three main landfill sites in Lagos State, Nigeria. All soil samples were obtained at 0-15 cm soil depth, and a control site was established at 3 m downstream of each of the site. The soil samples were air-dried and analysed for physico-chemical properties and metals concentrations using standard methods in the laboratory. Sorghum seeds were planted in five landfill soil pots, treated with wood biochar at 5 t ha −1 interval, from 0 to 20 t ha −1 , and replicated thrice for each soil in a completely randomized design approach for a screenhouse experiment. The plants were harvested at 12 weeks after planting and later oven-dried at 70 °C for 48 h before they were digested and analysed. The results showed that Cu and Pb concentrations in the landfill soils exceeded standard guidelines for agricultural soils, but these reduced with biochar application rate in the soils. Biochar applications at 10-15 t ha −1 also produced the best growth performance and tissue nutrient in the sorghum. Assessment of the biomass efficiency indicated greater performance in the capacity to immobilize more metals concentrations at 20 t ha −1 and was worse at 5-10 t ha −1 biochar applications. The study concluded that the use of biochar as organic amendment on contaminated soils can be vital for soil remediation in polluted environments.
Introduction
Sorghum (Sorghum bicolor (L.) Moench), a member of the family Poaceae, is a major food security crop for millions of people in sub-Saharan Africa and the fourth most important crop in Africa. The stalk of sorghum is used as fodder and for building materials in developing countries. In many regions, sorghum is also used as animal feed and in sugar, syrup and molasses industry (Dahlbert et al. 2004) . It is the fifth most important cereal crop in the world and feeds over 500 million people in 30 countries. It is used in breads, boiled porridge, malted beverages, beer and specialty foods like popped grain and syrup. Nigeria is the largest (71%) sorghum producer in West Africa and about 35% of the production in Africa (FAO 2012) .
In Nigeria, landfill and dumpsite soils are often considered fertile for cultivation of cereals including sorghum, fruits and vegetables. With increasing pressure on agricultural land and the proliferation of urban and peri-urban farming, dumpsites are attractive because of their rich deposits of organic matter and plant nutrients. People living near the site often plant crops, unaware of the potential risks to human health and plant productivity (Chaab and Savaghebi 2010) . Crops grown on these soils have been shown to accumulate these metals, thus posing health risk to humans consuming them (Smith et al. 1996; Wang et al. 2005; Radwan and Salma 2006; Lia et al. 2007; Khan et al. 2008) . Metals in general are not biodegradable, have long biological half-lives and have the potential to accumulate in different organ systems, leading to adverse health outcomes (Sathawara et al. 2004) . Cadmium, for example, can accumulate in kidneys and bone, leading to cardiovascular diseases, fractures and cancer (Riederer et al. 2013; Quraishi et al. 2016 ). Copper is an essential element, but excess exposure is associated with hepatic and renal damage, haemolytic anaemia and methaemoglobinaemia (Fessler 2005; Tellez-Plaza et al. 2013 ). Lead exposure hinders or mimics the actions of calcium, thereby affecting calcium-dependent processes. Acute exposure has also been reported to result in encephalopathy in children (ATSDR 2005; Martin and Grinswold 2009) . Furthermore, crop growth may be reduced by high levels of toxic elements in their tissues, causing a decrease in crop yields and economic loss for farmers, as previously observed near metal smelters or mine spoils (Nagajyoti et al. 2010; Jaishankar et al. 2014) . Although the nutrient content of landfill soils can make them attractive to farmers, the hazardous organic chemicals, salts and extreme pH, in addition to toxic metals they contain, can also reduce plant growth (Cameron et al. 1997; Oancea et al. 2005) . Some elements, although toxic at high concentrations, are also essential to plants, and their deficiency reduces biomass production and produces physiological disorders such as chlorosis as a result of Cu deficiency (Snowball and Robson 1991; Ducic and Polle 2005) .
Preservation and improvement in soil quality are essential for the sustainability of agricultural production and ecosystems (Reeves 1997; Doran and Zeiss 2000) . Landfills, dumpsites, mining and other sites with contaminated or disturbed soils pose a variety of problems. These can be at least partially mitigated through the use of soil amendments, which can facilitate site remediation, re-vegetation, revitalization and reuse (USEPA 2007a, b) . Soil amendments have been used to treat both organic and inorganic contaminants, although the choice of amendment and mechanisms of hazard reduction differ depending on the target contaminant or mixture of contaminants at the site (Jones and Healey 2010; O'Day and Vlassopoulous 2010) . Organic amendments are frequently used to restore soil quality by balancing pH, adding organic matter, increasing water holding capacity, alleviating compaction and re-establishing microbial populations (USEPA 2007a, b) .
Recent studies have reported that biochar is an effective amendment of soil contaminated with heavy metals (Cao and Harris 2010; Beesley et al. 2011; Cui et al. 2011) . Biochar also enhances soil Cu and Pb (Trakal et al. 2011) . Results from incubation experiments showed that biochar application was effective at immobilizing, especially Cd, Pb and Cu (Park et al. 2011; Borchard et al. 2011; Jiang et al. 2012) . Heavy metal recovery efficiency can be used as an indicator to assess the effect of biochar on soil heavy metal immobilization and safety of crop, although different soil constraints and crop require different rates of biochar application (Van Zwieten et al. 2010) . Nonetheless, it has been argued that all biochars do not demonstrate improved plant growth and safe crop yield in all instances (Deenik et al. 2010; Gaskin et al. 2010; Van Zwieten et al. 2010) , suggesting the need to assess the influence of different rates of biochar application for any particular region or plant of interest. In the present study, biochar was investigated for its efficiency to immobilize heavy metals in soils from landfill sites at the most urbanized city in the region. Existing studies on biochar in Nigeria (e.g. Odesola and Owoseni 2010a, b; Oladipo 2013; Yilangai et al. 2014; Ndor et al. 2015) have been generic in their application, and little or no consideration has been given to the potential of biochar as an organic amendment for important crop as sorghum.
Using biochar as an organic soil amendment has been proposed as a means to simultaneously mitigate effects of anthropogenic activities and improve agricultural soil fertility (Woolf 2008) . Besides, application of biochar provides suitable substrate for biomass efficiency and multiplication in the soil medium (Steiner et al. 2008; Steinbeiss et al. 2009 ). This is achieved through the improvement in the overall capacity of the soil to absorb common contaminants; this therefore affects their toxicity, transport and fate (Verheijen et al. 2009 ). Wood biochar is reported to retain in the soil from 10 to 1000 times than most other soil organic matter (Verheijen et al. 2009 ). The main objective of this study is to investigate the quality (in terms of plant nutrients and growth performance) and bioaccumulation of selected heavy metals in sorghum grown in biochar-treated landfill soils. This study was carried out between March 2013 and April 2014.
Materials and methods
Location of the sample sites and soil sampling Table 1 shows the locational characteristics of the landfill sites, from where the soil samples were obtained. Whereas the Olusosun landfill site is located at Ojota, a major commercial part of Lagos State, Nigeria, Solous II and III are in the residential parts of the city (Fig. 1) . Also, Olusosun occupies about 47.2 ha, and it is largest of all the three sites, and it takes an average of 4000 tons of wastes per day, while others receive a relatively smaller amount of about 1500 tons, daily.
The study was designed to be a screenhouse experiment; hence, soil samples were collected for that purpose. Soil samples were obtained from each of landfill sites, following a multistage procedure. First, each landfill site was 1 3 subdivided into subplots (25 by 25 m for Olusosun, and 15 by 15 m at Solous II and III based on their different sizes). Second, soil samples were obtained from 0 to 15 cm soil depth at each of the subplots (except in subplots that were extensively covered by waste during the time of study) using soil auger. In each subplot, soil samples were randomly taken at different parts, and a composite sample was obtained as representative of the subplot, after which the soils were well mixed. Third, representative of each subplot was mixed for a composite soil sample as representative of each landfill site. Lastly, a control site was established at a relatively undisturbed site within the radius of 3 km from each landfill, and at different catchment, which is not expected to be influenced by seepage of leachates from the landfill, as advised in relevant studies (Oladipo 2013) . Samples were collected in labelled polyethylene bags and taken to the laboratory.
Laboratory analysis of and soil properties
Soil characteristics in terms of pH, particle size distribution, organic carbon content, available P, total N, exchangeable acidity, exchangeable cations and the selected heavy metals (Cd, Cu, Pb and Zn) were determined using standard laboratory techniques (Table 2) . The values were used as baseline for this study, and dynamics in the values during the screenhouse experiment were recorded for comparison. At the laboratory, collected soil samples were air-dried, mixed thoroughly and sieved (at 2 mm) to remove debris.
Screenhouse experiment
A total of 90 experimental pots (six for each soil sample of the landfill sites, including control, in triplicates and five levels of biochar concentrations) were used for this experiment, as described in a completely randomized design (CRD). About 10 kg of the soil sample was weighed into 12-L plastic pots of 15 cm diameter perforated at the bottom (to allow exchange of air), and biochar treatments at 0, 5, 10, 15 and 20 t ha −1 were applied to the pots. The biochar was produced by pyrolysis of wood biomass, crushed and sieved (2 mm) for the screenhouse experiment. Wood biochar in Nigeria, like many other developing countries, is made from well-stocked savannah wood which is typically slow-growing and highly lignified (Oriola and Omofoyewa 2013) Examples of such wood include Acacia species, which was used for the production of biochar for this study. The biochar was produced by pyrolysis of wood biomass, then crushed and sieved to 2 mm as described in Odesola and Owoseni (2010b) .
Five seeds of sorghum, which were obtained from the Department of Agronomy, University of Ibadan, Nigeria, were sown per pot. The seedlings were thinned at 2 weeks to two strands per pot. After 2 weeks of planting, growth 
Post-harvest laboratory analysis
The plants were harvested with the root, weighed and ovendried at 70 °C to constant weight as described by Antonious and Snyder (2007) . The plant samples were milled and prepared for chemical analysis. To reduce or prevent contamination during milling, all materials used were cleaned with deionized water and allowed to air dry before used for a new sample. Transparent hand gloves were also worn before samples were handled. Milled plant tissues were digested with H 2 SO 4 -H 2 O 2 . Total N was determined using micro-Kjeldahl method (Bremner and Mulvaney 1982) . Available P content was determined using Vanadomolybdate method (Juo 1982) . Also, K + and Na + were determined using Gallenkamp model FH 500 flame photometer, while Ca 2+ , Mg 2+ , Cd, Cu, Pb and Zn were determined using 210/211 VGP bulk specific atomic absorption spectrophotometry (AAS) as described by APHA et al. (1992) . The biomass efficiency of heavy metal immobilization in landfill soils was assessed by heavy metal recovery efficiency (Eq. 1) (Varvel and Peterson 1990) HMRE heavy metal recovery efficiency, PHM total heavy metal uptake in plant from amended soil, PHM total heavy metal uptake in plant from unamended soil, RA rate of amendment.
Statistical analysis
Data obtained from the experiments were distributed in terms of their means for the control and experimental fields, while the relationship between the concentrations of biochar with the corresponding values of plant height, number of leaves and dry weight was established with Pearson correlation coefficient analysis. For the effects of biochar on sorghum performance and nutrient content, the correlation between the nutrients (N, P, K), at biochar concentration (0, 5, 10, 15, 20 t ha −1 ), and the respective values of plant height, number of leaves and dry weights of the harvested plants was determined and graphically plotted for visual assessment. The variations in the values of each plant attributes at different biochar concentrations are presented as "Appendix 1".
(1) HMRE = PHM − PHM RA × 100. Table 3 shows the distribution of selected chemical and physical properties of the soil of the landfill sites. The soils were acidic and generally contained more sandy materials than silt and clay. The pH at the landfill sites was more acidic than the control sites, and the landfill site also contained equal amount or more silt concentration than the control sites. The pattern of distribution of the particle size used was, however, not similar for all the landfill sites. The concentrations of the exchangeable cations, organic carbon exchangeable acidity and selected heavy metals were more at the landfill than the control sites, whereas greater concentrations of total N and available P occurred at the control of Solous III than at the landfill site of Solous III. Also, soils at Solous II and Olusosun contained more total N and available P than their controls. Thus, Olusosun and Solous II exhibited more concentration of total N and available P than Solous III. The landfills also exhibited elevated concentration of the heavy metals, organic carbon, acidity, and exchangeable cations than the controls. Figure 2a -c shows the influence of biochar at different concentrations on the response of plant height (a), number of leaves (b) and dry weight (c). Figure 2a shows that the relationship between plant height reduced with N and P 5 t ha −1 biochar concentration from when biochar was not added and later increased (except K) with subsequent additions of biochar. The relationship became slightly inverse (r ≥ 0.6) at 20 t ha −1 of biochar. The positive relationship between plant height, number of leaves and plant dry weight with the plant nutrients was evident at 10 and 15 t ha −1 level of biochar application in all the landfill soils. It shows that 10 and 15 t ha −1 of biochar amendments increase sorghum nutrient availability and uptake as well as sorghum growth. Figure 3ai -cii shows the change in concentration of Cd, Cu, Pb and Zn in sorghum tissue extraction after treatment with biochar at 0, 5, 10, 15 and 20 t ha −1 concentrations at each of the landfill sites and their controls except for Pb at Solous III. However, the concentration of all the metals decreased with increased concentration (t ha −1 ) of biochar. Also, Cu was dominant at all the control sites; Zn and Pb were dominant at Olusosun and Solous III, respectively. Both Zn and Pb dominated Solous II. The figure also showed that Cd concentration was relatedly low in all the sites. Figure 4a -c shows the heavy metal recovery efficiency (HMRE) of the sorghum tissue. The calculated HMRE of sorghum tissue was negative for all the investigated heavy metals in both Olusosun and Solous II landfill soils, while the plant in Solous III soil exhibited both negative and positive HMRE in response to the quantity of biochar applied. The negative values obtained in HMRE suggested heavy metal immobilization and adsorption in response to the biochar application, a condition that is often associated with very low heavy metal uptake in the contaminated soil. On the other hand, Pb was not immobilized at Solous III, and this indicates positive HMRE. Figure 3 also indicates high adsorption of Cd, Cu and Zn at 20 t ha −1 biochar concentration at Solous III. 
Results and discussion
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Discussion
The soil samples from the landfills are generally acidic (more than the control soils) and contained high sand content and high concentrations of Cu, Pb and Zn (above 10 mg kg −1 ). The soils were also rich in organic carbon and contained more values of exchangeable acidity than the control. The acidic pH of the selected landfills could be attributed to the nature of wastes content in them. Solous III landfill contained the highest value of Cu, Pb and Zn which can be attributed to the fact that it received more electronic wastes than either Olusosun or Solous II which contained more of household and industrial wastes. Electronic waste is a major source of complex hazardous waste with significant threats to the environment and human health (UNEP and UNU 2009). The acidic nature of the soils indicates relatively high tendency for increased micronutrient solubility and mobility, as well as cause increase in heavy metal concentration in the soil (Odu et al. 1985; Henry 2000) . Subsequently, the soils from these sites are richer in most of the nutrients except available P. Nevertheless, further investigation will be required fully to understand this phenomenon. There were 73, 86 and 63% increase in organic carbon content in Olusosun, Solous II and III landfills, respectively. These results were expected because of the continuous burial of various wastes on the landfill sites which eventually increase the organic content of the soils (Anikwe and Nwobodo 2001) .
In addition, the generally low Cd concentration in both the landfill and control soils in this study is similar to the observations from existing studies (e.g. Olarinoye et al. 2010; Ogbemudia and Mbong 2013 ) on landfills and dumpsites at different parts of the country. The concentrations of Cu and Pb in the landfill exceed the acceptable limit for agricultural soils recorded by FAO (1984) , agreeing with previous studies which regard the landfill soil as a sink for heavy metals from wastes (e.g. Gwenzi et al. 2016) . Consequences of cropping on such soil are the tendency for bioaccumulation of heavy metals in food crops and vegetables. Ingested or consumed excess intakes of Cu and Pb cause inhibition of enzyme activities, water imbalance, alterations in membrane permeability and disturbs mineral nutrition (Sharma and Dubey 2005) . They can also inhibit mental and physical growth and causes damage to the kidney and the reproductive system (ATSDR 2005) .
The study also showed that concentrations of Cd, Cu, Pb and Zn in sorghum tend to reduce with increased biochar content of the soil. This is in line with the results from studies (e.g. Park et al. 2011; Uchimiya et al. 2012 ) that biochar could bind and/or precipitate contaminants in soil to minimize the risk of entering the human food chain. This binding site could increase the soil cation exchange capacity and consequently increase metal exchange capacity of soil through the formation of complexes with cationic heavy metal (Paz-Ferreiro et al. 2014) . Several researchers have also reported significant reduction in soil In this study, significant reduction in heavy metal was detected through biochar application. This supported the studies of Park et al. (2011) and Fellet et al. (2011) who reported substantial reduction in availability and mobility of heavy metal through biochar application. The results of this study confirm that biochar as soil amendment poses no risk of elevating heavy metals in plants and hence is safe in terms of food chain.
Several characteristics and properties of biochar such as pH (alkaline), ash and carbon contents enhanced the ability of biochar to immobilize heavy metals (Lima et al. 2014; Shareef and Zhao 2017) . Additionally, large surface area allows sorption of heavy metals due to its complexation with different functional groups present in the biochar, exchange of heavy metals with cations associated with biochar or by physical adsorption (Lu et al. 2012) . The concentrations of selected heavy metals tend to decrease as more biochar was applied to the soil in the sorghum crop used in this experiment, thus indicating positive effect of biochar on safe crop productivity. The negative values obtained in HMRE can be used as an indicator to determine heavy metal immobilization and adsorption in response to the biochar application.
Furthermore, positive agronomic effects of biochar on plant growth and nutrient content have been reported in several studies (Lehmann et al. 2003; Chan et al. 2008; Asai et al. 2009 ). This study shows positive relationships between plant height, number of leaves and plant dry weight with the plant nutrients by increasing sorghum nutrient availability and uptake as well as sorghum growth. According to Carter et al. (2013) , increase in plant biomass, plant height and number of leaves in plants may suggest better photosynthetic ability of plants and yields. The inverse relationship observed at some of the concentrations may indicate negative impact of the biochar on the plants attributes at that level. This suggests that plants at that level of concentrations tend to be shorter in heights, and possessed lesser number of leaves or lesser dry weight than at the other concentrations of biochar. Further studies will, however, be required to set the standard thresholds for the crops' application. Furthermore, the high Pb concentrations absorbed by the sorghum plants in the soils from Solous III throughout the experiments may be explained by the comparative higher (when compared with Solous II and Olusosun) deposits of electronic wastes found in the field at the time of study heavy metal. This may also indicate the tendency for bioaccumulation of heavy metal in crops planted on landfills (Antonious and Snyder 2007) .
Conclusion
The study showed that biochar performs a remediation role in the removal of selected heavy metals in soils from landfill sites in the area. Rather than using soils from landfill sites directly for cultivation, application of biochar was shown to reduce the concentration of the heavy metal in soil and sorghum to a safe extent. The use of biochar is therefore recommended on cultivated waste soils. Further studies are also encouraged to investigate if the effect of biochar is similar under different climatic systems and soil series. 
